Abstract: A unique satellite DNA family was characterized in the genome of the bumble bee, Bombus terrestris. Sequence analysis revealed that it contains two wide palindromes of about 160 and 190 bp, respectively, that span 75% of the repeated unit. One feature of this satellite DNA is that it accounts for different amounts of genomic DNA in males and females. The DNA curvature and bendability were determined by migration on PAGE and by computer analysis. It has been correlated with the presence of dA/dT stretches repeated in phase with the helix turn and with the presence of the deformable dinucleotide CA-TG embedded in some of these A-T-rich regions. Transcription of the satellite DNA was also analyzed by Northern blot hybridization and RT-PCR. Multimeric transcripts spanning several satellite DNA units were found in RNA samples from males, workers, and queens. These transcripts resulted from a specific transcription occurring on one DNA strand in the embryos or on both DNA strands in imagoes. The involvement of DNA curvature in the organization of the satellite DNA and the function of the satellite transcripts is discussed.
Introduction
Most eukaryotic genomes contain highly repetitive 100-to 1500-bp sequences corresponding to one or more satellite DNA families (stDNA; Beridze 1986), which could account for up to 60% of chromosomal DNA, depending on the organism. They are species specific and do not appear to undergo horizontal DNA transfer. Satellite DNA is therefore a good species marker and an excellent tool for resolving difficult taxonomy problems (Bachmann et al. 1993) .
Although satellites are associated with regions in the centromeric and telomeric heterochromatin, they influence the general structure and organization of the eukaryotic genomes. Intrinsic curvature structures have been observed in many satellite DNAs (Radic et al. 1987; Benfante et al. 1989; Martinez-Balbas et al. 1990; Fitzgerald et al. 1994; Barcelo et al. 1997; Rouleux-Bonnin et al. 1996; Lorite et al. 2002) . This curvature is associated with nucleosome positioning (Fitzgerald et al. 1994) , and with the binding of non-histone nuclear proteins, such as HMG-1 in the mouse (Mus musculus) (Radic et al. 1987; Slama-Schwok et al. 2000) , or HMG-D in Drosophila melanogaster (Churchill et al. 1995) . It is also associated with proteins that specifically recognize matrixattachment regions (MARs), such as SAF-A and laminin B (Lobov et al. 2001) , and p123-p130 and p230 in ascites hepatoma (AH414) rat cells (Hibino et al. 1995) .
Satellite DNAs were long considered to be junk DNA because they had no clearly identified function. The fact that they were believed not to be transcribed in eukaryotes seemed to confirm this. However, data slowly accumulated from eukaryotic species of diverse taxonomic origins that has challenged this view over the past few years. RNA molecules resulting from the transcription of the Kl-5 and Ks-1 satellite DNAs in the Y chromosome have been found in D. hydei and D. melanogaster testes (De Loos et al. 1984; Bonaccorsi and Lohe 1991) . More recently, we demonstrated that sex-specific transcriptions of stDNA occur in several genera of the Hymenoptera (Rouleux-Bonnin et al. 1996; Renault et al. 1999; Lorite et al. 2002) . This type of somatic transcription also occurs in the stDNA of both Crustacea (Varadaraj and Skinner 1994) and mammals; for example, during mouse development (Rudert et al. 1995) . However, the roles and (or) functional targets of these transcripts are unknown, except in Drosophila species, where they act as fertility factors. Finally, satellite DNA transcripts with in vivo ribozyme activity have been found in newts (Epstein and Coats 1991; Cremisi et al. 1992 ) and schistosomes (Ferbeyre et al. 1998) .
This report describes the characterization of the unique satellite DNA family of the bumble bee, Bombus terrestris (Apocrita, Apidae) and models its putative evolution. The curvature of the stDNA units and their transcription were determined. Their roles are discussed in terms of chromatin assembly and differentiation processes.
Materials and methods

Biological material
Queen, worker, and male imagoes and embryos of the bumble bee Bombus terrestris were bred en masse and kindly supplied by Dr J.N. Tasei (I.N.R.A. de Lusignan, Laboratoire de Zoologie, Vienne, France).
Isolation of genomic DNA
Genomic DNA (gDNA) was isolated from about 2 g of imagoes and purified by ultracentrifugation through 1.6 g/cm 3 cesium chloride -ethidium bromide gradients. DNA was stored at -20°C in water.
Preparation of stDNA fragments
Isolation of restriction fragments
Six monomers and one dimer of stDNA were purified from MspI-digested gDNA separated by electrophoresis on a 1.5% w/v agarose gel. The stDNA fragments in the agarose blocks were purified using the Gene Clean kit (Bio 101), and were then cloned in the pBluescript SK+ vector linearized with AccI. The stDNA units thus obtained were designated BT1-BT4, BT6, and BT7m1 and BT7m2, respectively.
PCR
In an attempt to identify the most highly curved region in the middle of the monomer, five stDNA monomeric fragments and two dimeric fragments were amplified by PCR using primers bt1 (5′-ACCAATCCATCTTGCGTTC-3′) and bt2 (5′-GGTTAGGCTATAGCTTTCG-3′) (Fig.  1) . Genomic DNA (100 ng) was added to 50-µL PCR mix in a reaction buffer containing 50 mM KCl, 2.5 mM MgCl 2 , 10 mM Tris-HCl (pH 8.8), 0.1%Triton X-100, 200 µM each dNTP, 1 µM bt1 and bt2 primers, and 1.7 U Taq DNA polymerase (Promega, Madison, Wis.). After a 5-min step at 94°C, 30 amplification cycles were performed on a Perkin Elmer thermocycler (40 s at 94°C, 40 s at 55°C, 40 s at 72°C). A final 5-min extension step was also performed. The PCR fragments were purified with the Gene Clean kit (Bio101, Ozyme, France) and cloned in the pGEMT plasmid (Promega) as described by the manufacturer. The stDNA units thus obtained were designated BT8-BT12, BT13m1-m2, and BT14m1-m2, respectively.
Preparation of stDNA from plasmid DNA for curvature analysis
StDNA monomers cloned in pBluescript SK+ (Stratagene, La Jolla, Calif.) or in pGEM-T easy (Promega) plasmids were amplified by PCR with vector-specific primers pM13(-20) (5′-TTGTAAAACGACGGCCAGTG-3′) and pReverse (5′-CACAGGAAACAGCTATGA-3′) and purified on agarose gels as previously described.
Southern blots and DNA hybridizations
Aliquots (4 µg) of male, worker, and queen gDNA were digested with different restriction endonucleases (10 U/µg DNA) for 4 h at 37°C. All restriction enzymes were purchased from Promega. DNA samples were then loaded on 1.5% w/v agarose gel and blotted onto an N + nylon membrane (ICN Biomedicals, Vannes, France) for 4 h in 0.4 N NaOH. Ladder patterns specific for digested satellite DNA were detected by Southern blot hybridization using the total gDNA of B. terrestris and purified satellite DNA monomers as probes. The probes were radiolabeled by primer extension with Klenow polymerase (Promega). Overnight hybridizations were performed at 65°C in 0.5 M Na 2 PO 4 (pH 7.2), 7% SDS, and 1 mM EDTA. Membranes were washed under stringent conditions in 0.5× sodium chloride -sodium citrate (SSC; 20× SSC = 3 M NaCl, 0.3 M Na 3 citrate, pH 7.0), and 0.1% v/v SDS at 65°C.
The amounts of satellite DNA in gDNA samples from both sexes were analyzed by dot blots. Triplicates of several dilutions of gDNA (10-500 ng) and restriction fragment of stDNA monomers purified from a plasmid (0.01-10 ng) were each loaded onto charged nylon membranes (Appligene). The hybridization and washing conditions were similar to those used for the Southern blots. The amounts of hybridized probe were measured using an Instant Imager (Packard Instrument Company Meriden, Conn.). The fractions of satellite DNA in the genome were calculated by comparing Fig. 1 . Sequences of Bombus terrestris satellite DNA aligned by monomer along with resulting consensus sequence. The repeats are designated BT; BT1-BT6 are monomers and BT7M1 and BT7M2 are two monomers contained in the BT7 dimer; BT1-BT7 were isolated from MspI-digested gDNA; BT8-BT14 were obtained by PCR of gDNA realized with the primers bt1 and bt2; BT13M1-2 and BT14M1-2 are truncated dimers. The MspI endonuclease restriction site is indicated in gray. The AT-rich tracts (runs 3 bases) are shown by dark gray boxes, and those in phase are numbered and underlined in the sequence alignments. P 1 and P 2 localize primers used in RT-PCR experiments. The arrows indicate the 5 ′ →3 ′ orientation. Dots indicate deletion in the sequence and dashes represent homologous bases.
the hybridization intensities of gDNA and those of the monomers. pBR322 DNA and gDNA from Diadromus pulchellus and Eupelmus vuiletti were used as negative controls. The amounts of ribosomal DNA and transposon Botmar1 were also analyzed by dot blot as qualitative control of DNA extraction. Since the size of each sample was less than 30, re-sults were analyzed using a non-parametric test. The comparisons were carried out at a significance of 5%. Each experiment was carried out twice.
Methylation of satellite sequences
The presence of 5-methylcytosine in the nucleic acid sequence of the satellite DNA was checked using restriction enzymes. Two pairs of isoschizomers were used, HpaII and MspI, both of which have the same target sequence (CCGG), but HpaII is methylation sensitive. MboI and Sau3A both recognize the GATC target, but Sau3A alone is susceptible to the methylation status of this sequence. Digests were analyzed by Southern blot hybridization using a cloned satellite monomer as a probe under conditions similar to those described above.
DNA sequence analysis
Clones were sequenced on both DNA strands using the dideoxynucleotide method (Sanger et al. 1980 ) and the Prism Amplitaq FS kit (PE Biosystems, Foster City, Calif.) according to the manufacturer's specifications. The samples were loaded onto a 4.3% Long Ranger gel (AT-Biochem) containing 6.5 M urea, using a LI-COR 4000L DNA sequencer. Sequence comparisons were done with FASTA programs using Infobiogen facilities (Dessen et al. 1990 ). The nucleotide sequence data reported in this paper was submitted to the DDBJ-EMBL-GenBank nucleotide sequence databases under accession numbers AJ300745-AJ300746, AJ300748-AJ300752, AJ579866-AJ579874, and AJ579922.
DNA curvature analyses
PCR satellite DNA monomers (200 ng) obtained by amplification with vector-specific primers pM13 (-20) and pReverse, were subjected to electrophoresis on a 5% nondenaturing PAGE (acrylamide-bis-acrylamide, 19:1) in 0.5× Tris-borate buffer (1× TBE: 89 mM Tris, 89 mM boric acid, 20 mM EDTA, pH 8.0) at 4°C for 24 h (60 V) using a vertical gel electrophoresis apparatus (Protean IIxi cell, Biorad, Hercules, Calif.). The gel was stained with AgNO 3 and dried (Ausubel et al. 1994) . The PCR was done on two types of stDNA, that isolated by gDNA digestion and that obtained by bt1/bt2 PCR. The K value (calculated as migration length/sequencing length) was determined using the 100-bp ladder (New England Biolabs, Beverly, Mass.) as the molecular weight marker.
The curvature and the bendability of the consensus sequence of the satellite DNA unit were calculated using the BEND algorithm of Goodsell and Dickerson (1994) on the web site http://www.icgeb.trieste.it (Services, ICEBnet Biocomputing DNA tools). The values of predicted curvature are presented as the deflection angle per 10.5 residue helical turn. Three-dimensional representations were plotted using the PDB viewer RasMac_PPC_32BIT software. Curvature and bending are used in this paper in the restricted sense defined by these authors. The 3D shapes of 10 repetitions of the BT8, BT10 and consensus sequences were determined by Gherbi and Herisson 2002 (LIMSI-CNRS, Paris XI, Orsay, France).
Satellite transcription analysis
RNA extracted from whole insects were prepared as described in Rouleux-Bonnin et al. (1996) . Fifteen micrograms of total RNA were loaded in formaldehyde gel and blotted onto an N + nylon membrane (ICN Biomedicals, Vannes, France). The filter was hybridized with P1, P2, and Bt sat probes. Control to verify the integrity of RNA samples was done by hybridizing the same blot with β-actin probe (GenBank accession No. X91507). The membrane was washed with 0.5× SSC, 0.1% v/v SDS at 65°C and autoradiographed.
RT-PCRs were done as described in Rouleux-Bonnin et al. (1996) with slight modifications. Briefly, cDNA synthesis was initiated with either the P 1 (5′-TGTGAGGTTGGACTA-AAT-3′) or P 2 (5′-ACCGATCCGACACGTTC-3′) primer to detect which strand was transcribed (Fig. 1) . The first strand of cDNA was then amplified with P 1 and P 2 . The possible DNA contamination of the PCR mixtures was checked by amplifying the solution without a template (T PCR ). Possible gDNA contamination of the RNA samples was checked by treatment with RNAseA and direct amplification (T RNAse ). Thus, this ensured that the RT-PCR products obtained in the test samples were indeed RNA dependent. In each experiment, the specificity of the amplified product was checked by DNA hybridization. The membrane was washed with 
Results
Characterization of stDNA
Total gDNA from queen, worker, and male bees was digested with AluI, MspI, AvaI, Sau3AI, and 20 other restriction enzymes. The same simple orderly ladders of multimeric repeated units were found on Southern blots hybridized with the total gDNA of this insect and with a specific monomer DNA used as probe. Because no others bands have been observed in the band pattern done with the total gDNA probe, which is more complex than monomer DNA; only one satellite DNA family was present in the genome of B. terrestris (Fig. 2 and data not shown): BT satellite DNA. The methylation level of the BT stDNA was analyzed. gDNA samples were digested using two pairs of restriction endonucleases (MspI-Hpa II and MboI-Sau3A) that cleave DNA at identical sites, depending on the methylation status of the cytosines in these sequences. The results obtained from agarose gel and Southern blot hybridization showed digestions performed using the two isoschisomers. The enzymes did not produce significantly different patterns (Fig. 2) . We therefore concluded that the BT stDNA is either not methylated at all, or so weakly methylated that it was not detectable by the method used.
Sequence analysis
MspI DNA fragments containing BT stDNA monomers (about 400 bp) and dimers (about 800 bp) were directly purified from gDNA digest separated on agarose gel, and then cloned in plasmid. Six monomer clones (BT1-BT6) and one dimer clone (BT7) were sequenced and aligned with five other monomer clones (BT8-BT12) and two dimer clones (BT13 and BT14) obtained by PCR with bt1 and bt2 primers (Fig. 1) . The consensus sequence was 422 bp long and contains 57% AT. The mean nucleic acid sequence divergence between each pair of monomers was 11.1% as calculated at the Infobiogen facilities (Evry, France).
We looked for direct and inverted repeats (palindromes) using the consensus nucleic acid sequence of the BT stDNA. Two big palindromes of 194 and 157 bp, respectively, were found and spanned 75% of the sequence (positions 80 to 394, Fig. 3a) . The similarities between the inverted repeats in each of these palindromes were 70% and 54.5%, respectively. This region could therefore adopt an intrastrand dyad structure allowing two big hairpins to form in each unit of the BT satellite DNA. Two direct repeats of 55 bp and 53 bp, respectively, were also found in the 157-bp palindrome: they were designated the A and B motifs (Fig. 3a) . These motifs were 61% similar, and further analyses revealed that each of them contained two tandemly repeated submotifs of about 25-30 bp. The submotifs in the A motif were designated A′ and A′′ and those in the B motif were designated B′ and B′′ (Fig. 3a) . The alignment of these four submotifs showed that they were about 65%-68% similar. We therefore looked for similar motifs in the rest of the consensus sequence of the BT stDNA. We found that 14 tandemly repeated submotifs composed the sequence of the BT stDNA unit (Fig. 3b) . The alignment of these 14 submotifs defined a degenerate 29-bp-long consensus motif, for which 21 out of 29 bases(72%) were conserved with at least 50% conservation per position. This motif shares no homology with any of the published sequences, and is not a palindrome. The nucleic acid sequence of this 29-bp motif might be very similar to that of the original ancestral motif from which BT stDNA has evolved.
stDNA determination
Cloned monomers were used to quantify the amount of stDNA in the genome of this insect by dot blot hybridization. Our results showed that the genomes of the females (queens and workers) contained similar amounts of stDNA (3.21% ± 0.4% and 3.29% ± 0.4%; with n = 9), whereas the genome of the males contained less (2.39% ± 0.3%; n = 9). Non parametric tests indicated that these values were not significantly different. However, control hybridization of the same dot blot with ribosomal DNA genes and the Botmar1 transposon showed that these sequences are equally represented in the male and female genomes (Yves Bigot, LEPG, Tours, France, personal communication). Therefore, we believed that our results indicated that there would be less BT stDNA in the genome of the males than in the genomes of the queens and workers.
Search for functional open reading frames (ORFs)
Each nucleic acid sequence of the BT stDNA monomer was analyzed as a dimer to obtain the longest ORFs. Five putative ORFs encoding polypeptides of about 23-66 amino acids were found. Comparison of the amino acid sequences of these five polypeptides with the databases did not identify any significant homologies. Moreover, no canonic promoter motifs or Kozak's box were found in the 80 bp upstream or overlapping the start codon. Overall, these findings indicate that the BT stDNA does not encode polypeptides, like all those so far reported in eukaryotic genomes.
Shape of DNA within the naked stDNA units
Intrinsic DNA curvature was first checked by analyzing the electrophoretic mobility of the BT stDNA on native PAGE. All the monomers tested displayed major delayed electrophoretic mobility (Fig. 4) . For example, the K factors (calculated as migration length/sequencing length) of the BT2 and BT8 monomers were 1.22 and 1.47, respectively, indicating that the observed lengths of these units differed considerably from those defined by sequencing. We also observed that delayed electrophoretic mobility was more pronounced with the second group of stDNA units analyzed. This is in agreement with the fact that the region containing the maximum predicted curvature was located in the middle of each of these DNA fragments (see prediction procedures just below). Overall, our conclusion is that this delay is attributable to a stable curved conformation in the fragment, which increases the difficulty of snaking the pores of the polyacrylamide gel.
We attempted to characterize the BT stDNA curvature and bendability further by examining sequence-dependent DNA bending in the consensus sequence using two models, the bent A-tract model (Cacchione et al. 1989 ) and the non Atract model of Goodsell and Dickerson.
Bendability and curvature propensities (Fig. 5) were calculated using DNAseI-based trinucleotide parameters, using the DNAtools Web site of the ICGEB (International Centre for Genetic Engineering and Biotechnology, Trieste, Italy) (Goodsell and Dickerson 1994) . The calculated values for curved DNA are greater than 9°/helical turn, whereas those for straight DNA are less than 4-5°/helical turn. We observed that the results obtained were very similar when calculated from nucleosome positioning data (data not shown). Our results (Fig. 5a) show that four peculiar maximum curvature peaks (1, 2, 3, and 4) describing hot spot of DNA curvature were located at positions 82, 158, 188, and 234-262, and had magnitudes of 11.4, 9.8, 11.4, and up to 11.2, respectively, (Fig. 5a ). Three marked minima were also found at positions 42, 291, and 318 bp, which suggests the presence of straight DNA (arrows).
The bendability along the stDNA unit was constant. Its value of about 5.4 is similar to the average value of most eukaryotic genomes (Gabrielian and Pongor 1996) . Only one peak was found to have significantly different bendability (with a maximum of 7.5) and this was centered around position 152 (asterisk in Fig. 5a ). We would also like to point out that three of the four curved peaks did not present significantly different bendability values. This is in agreement with the fact that curved DNA needs to be rigid to be detectable by physical methods of analysis.
Nucleotide motifs assigning particular structural properties to DNA were also checked in the nucleic acid sequences Genome Vol. 47, 2004 of the BT stDNA monomers. Nineteen AT-rich tracts (runs ≥ 3 bases) were located in the sequence alignments (Fig. 1) . Some of these tracts were phased with respect to the helical repeat (10.5 bp/repeat). Tracts III, IV, and V were in phase with each other. Tracts I/II, and VII/VIII were also phased, but with two pitches, whereas tract VIII/IX had three pitches. Similar AT-rich tracts had previously been shown to cause bending of the DNA helix axis (Crothers et al. 1990) .
In an attempt to confirm the impact of the flanking sequences surrounding these A-T tracts on the intrinsic curvature of the stDNA unit, the presence of neighboring CA-TG doublets was investigated (Nagaich et al. 1994) . 53 CA-TG doublets were found in the nucleic acid sequence of BT stDNA ( Fig. 5b ; motifs highlighted in gray). Nine were located at the 3′ junctions (boxes 1-9), and eight were located at the 5′ junctions of the A-T tracts (boxes a-h). Three of them were juxtaposed to motifs involved in the curvature. The first is identified by a circle (Fig. 5b) and is located in the region comprising curvature peak 3 (Fig. 5a) . The second and the third are identified by a star (Fig. 5b ) in a region including curvature peak 4. So, we can say that phased A-T stretches, curvature hot spots, and the 5′ CA-TG junction are all located in the two regions located at positions 184-194 and 225-289. Finally, the shape of naked BT stDNA was determined. Figure 5c shows the three-dimensional conformation of the consensus satellite DNA as represented by RasMac_PPC_ 32BIT software. Each consecutive projection is rotated by 30 degrees. It is noticeable that the shape of this unit is nonplanar, and its curvature probably allows the multimers to adopt either a helical or a solenoid shape. This was confirmed by modeling the curvature of decamers of the consensus sequence; BT 10, which has the lowest K value, and BT8, which has the highest K value (Fig. 6 ). The BT8 decamer has the most regular helical shape, and looks like a circle. The consensus decamer has an intermediate shape between those of the BT8 and BT10 decamers.
Transcription of the BT stDNA
The transcription activity of the BT stDNA was first investigated by hybridizing Northern blots of total RNA with three probes corresponding to the P 1 and P 2 oligonucleotides and a mix of monomers named BT sat (Fig. 7) . Each of these two oligonucleotides was shown to hybridize with one of the two DNA strands of the MspI BT satellite DNA unit (Fig. 2) . Our data revealed that there are different expression patterns in worker embryos and imagoes when RNAs were hybridized with the P 1 and P 2 probes. Indeed, no signal was obtained with the P 1 probe in the RNA from the embryos, whereas one transcript of 2100 nucleotides (nt) was detected in the imagoes (Fig. 7, lanes 1 and 2) . Similarly, multiples transcripts were detected in the RNA sample from embryos with the P 2 probe, at about 2100, 1550, 1050, and 600 nt (Fig. 7, lane 3) , whereas few or no RNA samples with signals of 1050 and 600 nt were observed in imagoes RNA (Fig. 7, lane 4) . These differences may result from specific transcriptions occurring from different initiation start points or from specific cleavages of the 2100 nt RNA. The signals obtained with the BT sat probe (Fig. 7 , lanes 5 and 6) confirmed these results, and displayed a pattern that was quite similar to that obtained with the P 2 probe. Specific hybridization of the β actin probe with a sharp band in the same blot that had been hybridized to the satellite probe indicated that the mRNA had not been degraded. Rather, the signals with mRNA transcripts of a broad range of sizes observed in the hybridizations were presumably due to the heterogeneous nature of the satellite transcripts.
In conclusion, our results indicate that transcription occurred preferentially on one strand of the BT stDNA in embryos with P 1 and gave multiple transcripts with P 2 . Whereas in imagoes, stDNA transcription occurs on both DNA strands and gave one major transcript.
We confirmed the nature and structure of these BT satellite RNA transcripts by RT-PCR using RNA samples from queen imagoes and worker embryos (Fig. 8) . The specificity of the amplified products was confirmed by hybridization with the BT sat probe, after separating the amplification products on agarose gels and blotting.
The RT-PCR used to study the BT stDNA transcripts was performed in three steps. The first strand of the cDNA was synthesized with the P 1 or P 2 oligonucleotide as primer. The cDNA-RNA heteroduplex was subjected to RNA degradation, and the resulting single strand cDNA was then used as the matrix in PCR experiments (Fig. 8, lanes 6-11) . Our results showed that there was no signal from the control without template or from those done with samples treated with RNAse A and subjected to PCR (Fig. 8, lane 1-4) . This indicates that there was no exogenous DNA contamination in the PCR mix, and that the signals obtained in the samples were not due to residual DNA contamination. The results obtained from the three different RNA samples showed that different amounts of PCR products were detected regardless of the Electrophoresis of linear satellite monomers on 5% w/v polyacrylamide gel. PCR realized by amplification with vector specific primers from monomers obtained by gDNA digestion (Group I) and monomers obtained by PCR (bt1 and bt2, Group II) were subjected to electrophoresis on a 5% w/v native polyacrylamide gel. The K value (calculated as migration length/sequencing length) is indicated for each monomer underneath the lanes. The molecular marker used is the 100-bp ladder from New England Biolabs.
primer used for reverse transcription (Fig. 8, lanes 6-11) . Thus, these results confirmed that transcription occurred on both strands of the BT stDNA in queen and worker imagoes and in worker embryos. The difference observed between the Northern blot data and the results obtained by RT-PCR with the embryo RNA probed with P 1 may be explained by the facts that PCR is more sensitive, and that the experiments were carried out on all the insect tissues. It is possible that transcription detectable by P 1 after PCR occurred only in some tissues. This transcription would be so weak that it is not detectable by Northern blot hybridization. The 420-and 840-bp PCR products were obtained from the amplification of long RNA transcripts containing several monomers. Overall, this indicates that the transcripts detected by Northern blot and PCR result from the transcription through several BT stDNA monomers tandemly repeated.
Discussion
The genome of the bumble bee B. terrestris contains a single satellite DNA family that consists of 420-bp monomers that are tandemly repeated. This stDNA probably originates from a 29-bp ancestral motif that was amplified towards a 420-bp unit during the evolution of the lineage that led to B. terrestris.
The difference in BT stDNA amounts in the female (queen and worker) and male genomes could conceivably be attributable to losses of chromosomal DNA during the development of males. We have already reported such stDNA losses during the development of the male sawfly, Diprion pini (Hymenoptera; Symphyta; Rouleux-Bonnin et al. 1996) . Moreover, we observed that these losses occur only in males, thus suggesting that the reduction of chromatin in the stDNA might be an important mechanism required for the development of the male in hymenopteran species. Finally, lower amounts of highly repetitive DNA in male imagoes were observed in all hymenopteran species in which a difference in the genome structure of males and females has been confirmed (Bigot et al. 1990) . StDNA was also found to interfere with male differentiation in the parasitoid wasp Nasonia vitripenis, in which the presence, in diploid eggs, of a supernumerary B chromosome consisting of stDNA leads to a considerable reduction of chromatin (McAllister and Werren 1997) . Chromatin reduction is not a phenomenon specific to Hymenoptera. It has been shown to interfere during the somatic and sexual differentiations in several other invertebrate and vertebrate species (Nur et al. 1988; Tobler et al. 1992; Kubota et al. 1997 ). Thus, the timing of the chromatin reduction during ontogenesis in Ascaris lumbricoides var. suum is very specific, and may have a function in gene regulation, since single-copy genes are embedded within the eliminated DNA (Tobler et al. 1992) .
Because stDNA does not encode proteins in eukaryotes, its roles must be investigated at levels of chromatin organization and transcription. Although our analyses of the BT stDNA were performed at the chromatin level, it is of interest to consider whether its sequence is bent in the absence of proteins. Indeed, a pre-formed bend in the DNA would constitute a custom site for protein binding, and would facilitate protein-induced bending. All our biochemical and computational analyses revealed the presence of four clearly characterized curvature peaks. One of these peaks (number 4, Fig. 5 ) is located in the middle of the molecule and is associated with several A-T tracts phased with the helix turn. Such phased A-T tracts are a characteristic of numerous eukaryotic stDNAs, and allow many of them to acquire a stable bent mode (review in Lobov et al. 2001 ). In the chromatin, A-T tracts with such properties have been shown to attract nucleosomes, and their periodicity leads to the phasing of the nucleosomes in the heterochromatin region (Hsieh and Griffith 1988; Fitzgerald et al. 1994) . In BT stDNA, we show that the phased A-T tracts are also associated with CA-TG doublets in their close 5′ and 3′ neighbors. Nagaich et al. (1994) demonstrated that such associations of A-T tracts and CA-TG doublets form kinks that are responsible for the inherent curvature and unusual electrophoretic mobility of BT stDNA. Their observations indicate that the CA-TG doublet junction at the 5′ end of the A-T tract plays a crucial role in the curvature of DNA, and that retarded migration is more pronounced when CA-TG is at the center of the molecule.
The association of A-T tracts and CA-TG doublets were also shown to be good targets for the high-mobility group (HMG-D) domain proteins from D. melanogaster (Churchill et al. 1995) . HMG-D are architecture-specific proteins that bind the DNA into the minor groove at level of AT-rich motif. They are closely related to the vertebrate HMG domain proteins HMG1 and HMG2. HMG-I and HMG-D1 have already been identified as satellite DNA binding proteins in the α DNA of the green monkey (Strauss and Varshavsky 1984) and in that of the DNA in the mouse (Radic et al. 1987; Slama-Schwok et al. 2000) . Finally, these proteins also fulfill important functions in the formation of multiprotein complexes, enhanceosomes that regulate the transcription of several genes, the organization of the heterochromatin and nucleosome phasing (Bonnefoy et al. 1999; Yie et al. 1999; Strauss and Varshavsky 1984) . In the nucleus, HMG, histone H1 and MAR binding proteins (matrix attachment region) are all able to bind to the same site : a narrow minor groove of bent A-T tracts (Zhao et al. 1993; Ner et al. 2001; Lobov et al. 2001) . So, there is evidence that MAR-binding proteins bind to stDNA with an affinity that depends to a large extent on the features of their DNA bending (Lobov et al. 2001 ) and on their methylated state (Hibino et al. 1998) . Interference between these different proteins has been shown to occur in the HMG-I/Y binding to T7RNA polymerase templates. Indeed, HMG-I/Y proteins led to a complete derepression of transcription by inducing the displacement of histone H1 from the SAR template (Zhao et al. 1993) . Thus, the difference shapes observed between the satellite DNA showing the most retarded electrophoretic migration (BT8) and the one exhibiting the least retardation (BT10) could account for the difference in the accessibility of the chromatin to the proteins. The implications of these different kinds of protein binding are discussed below, with regard to BT-satellite transcription.
We also show in this study that the stDNA of Bombus terrestris genome is transcribed on both strands, as is the case for all hymenopteran species studied so far (parasitoid wasps (Renault et al. 1999), ants [personal unpublished data] and sawflies (Rouleux-Bonnin et al. 1996) ). Our data suggest that the 2100 and 1550 nt transcripts result from the transcription initiated within the stDNA. However, transcription initiation could also results from genes or transposable elements embedded in the heterochromatin stDNA (Solovei et al. 1996) . The three transcripts with a size of about 1550, 1050, and 600 nt respectively might also result from specific internal cleavages occurring in the longer transcripts of about 2100 nt, as previously observed in newts and schistosomes (Cremisi et al. 1992; Ferbeyre et al. 1998) . The specific function of stDNA transcripts is not yet known, but the fact that they lack any significant open reading frame suggests that these transcripts are structural rather than coding units. However, some of our observations suggest that their transcription may interfere with developmental processes in these insects. Indeed, we observed that BT stDNA was equally transcribed on both strands in B. terrestris imagoes, whereas one strand is preferentially transcribed in embryos. 6 . Computer analysis of the 3D structure of the consensus BT, BT8 and BT10 stDNA sequences. Each sequence was analyzed in decamer form (10 repeats): (a) and (d) represent the longitudinal and cross-section views of BT10 decamer; (b) and (e) represent the longitudinal and cross-section views of the BT8 decamer, and (c) and (d) represent the longitudinal and cross-section views of the consensus BT decamer. BT10 is the least curved molecule, and BT8 the most curved as determined by gel shift assay. The calculation and 3D representation were done on the website developed by Gherbi and Herisson (2002) . Fig. 7 . Transcription of satellite DNA in Bombus terrestris. RNA extracted from worker embryos (lanes E: 1, 3, and 5) and worker imagoes (lanes I: 2, 4, and 6) were blotted and hybridized with different probes to detect which strand of DNA had been transcribed. Northern blots were probed with oligonucleotides P 1 (lanes 1, 2) and P 2 (lanes 3, 4). Each of these oligonucleotides specifically hybridizes with one DNA strand of the BT stDNA monomer. Blots were also probed with a mix of monomers (BT sat lanes 5, 6). The molecular weights of the RNA transcripts are indicated in the right margin. As a control to evaluate the integrity of RNA, the filter was hybridized with β actin. Fig. 8 . Analysis of BT satellite DNA transcription by RT-PCR. PCR products were separated on agarose gel, and their specificity was confirmed by Southern blot/hybridization by probing the DNA with a mix of monomers, BT sat . Lane 1, T PCR is a PCR control to which no nucleic acid template was added. Lanes 2 to 4, T RNase are controls for which PCRs were carried out on RNA samples previously treated with ribonuclease A to check whether the RNA samples had been contaminated by gDNA. Lanes 6-11 are the samples tested by RT-PCR. The letter above the lane indicates the origin of RNA sample: queen imagoes (Q), worker imagoes (W) and worker embryos (E). P 1 and P 2 indicate the primers used in the reverse transcription step. Dashes in lanes 1-4 indicate steps omitted.
